This study examined the use of frontal analysis and high-performance affinity chromatography for detecting heterogeneous binding in biomolecular interactions, using the binding of acetohexamide with human serum albumin (HSA) as a model. It was found through the use of this model system and chromatographic theory that double-reciprocal plots could be used more easily than traditional isotherms for the initial detection of binding site heterogeneity. The deviations from linearity that were seen in double-reciprocal plots as a result of heterogeneity were a function of the analyte concentration, the relative affinities of the binding sites in the system and the amount of each type of site that was present. The size of these deviations was determined and compared under various conditions. Plots were also generated to show what experimental conditions would be needed to observe these deviations for general heterogeneous systems or for cases in which some preliminary information was available on the extent of binding heterogeneity. The methods developed in this work for the detection of binding heterogeneity are not limited to drug interactions with HSA but could be applied to other types of drug-protein binding or to additional biological systems with heterogeneous binding.
Introduction
Frontal analysis is often used in affinity chromatography to characterize the properties of a column and to obtain measurements of binding affinity and activity for immobilized ligands. This approach, sometimes referred to as frontal affinity chromatography (FAC) has been used to examine various biomolecular interactions [1] [2] [3] [4] [5] [6] . The combination of frontal analysis with high-performance affinity chromatography (HPAC; also known as high-performance liquid affinity chromatography, or HPLAC) has been of particular interest in recent years because of the high precision, speed and ease of automation of this method [1, 2, 4, 5, [7] [8] [9] [10] . Frontal analysis is carried out by continuously applying to a column a solution with a known concentration of an analyte. The column contains an immobilized ligand (e.g., a protein or other type of biomolecule) that can bind to the analyte. As the binding sites on the ligand and in column become saturated by analyte, the amount of analyte that elutes from the column will increase and form a characteristic breakthrough curve. The position of this curve can then be used to obtain information on both the association equilibrium constants and the number of binding sites for the analyte on the immobilized ligand and in the column [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Many previous applications of frontal analysis in affinity chromatography have used this approach to examine ligands that have a single type of binding site for an analyte (e.g., see reviews in Refs. [1] [2] [3] [4] [5] ). However, there have been several recent studies that have also used this method to study multi-site systems with heterogeneous interactions [11] [12] [13] [14] [15] [16] . Some sources of these multi-site interactions can be examined and measured through the use of control experiments, such as the binding of an applied solute to a support in the absence of an immobilized ligand [11] [12] [13] [14] [15] . Other types of heterogeneity may be inherent to the interaction of the analyte with the immobilized ligand. For example, this type of situation may be produced by natural heterogeneity of the ligand, as may occur during the modification of proteins through glycosylation, glycation or phosphorylation [1, 11] . In other cases, the ligands may have several, non-equivalent binding sites for the analyte or multiple binding sites plus various levels of ligand modification [1, [13] [14] [15] .
The goal of this study is to examine methods for the detection of binding heterogeneity in HPAC columns when using frontal analysis. Particular emphasis will be given to the use of double-reciprocal plots for data analysis, although traditional binding isotherms will also be considered. These methods of analysis will be examined and compared by using the binding of acetohexamide with human serum albumin (HSA) as a model system. This model has been recently examined by HPAC and frontal analysis and is known to involve multi-site interactions [12] . Chromatographic theory will be used to examine the use of doublereciprocal plots in detecting binding heterogeneity, as well as to determine the experimental conditions that are needed for such detection. The expected result is an improved set of tools for the identification and study of heterogeneous binding by frontal analysis and HPAC, which can then be employed in the analysis of other biological systems.
Theory
Frontal analysis data for a system that follows a one-site binding model can be analyzed according to either the adsorption isotherm shown in eq. (1) or the double-reciprocal form of this isotherm that is shown in eq. (2) [1, 4] .
(1) (2) In these equations, m Lapp is the apparent moles of analyte required to saturate the column and to reach the mean breakthrough point in a frontal analysis curve at a given analyte concentration [A] . The term m Ltot is the total binding capacity, in moles, of the column for the analyte, and K a is the association equilibrium constant for the analyte with the immobilized ligand (i.e., the immobilized binding agent). Eq. (1) (3) and (4) for a two-site binding model [11] .
In these equations, K a1 is the association equilibrium constant for an analyte at its binding site with the highest affinity (L 1 ), and K a2 is the association equilibrium constant for the binding site with the lowest affinity (L 2 ). The values m L1 and m L2 in eq. (3) represent the moles of these high-and low-affinity binding sites, respectively. The term β, as used in eq. (4), is a dimensionless parameter that is defined as the ratio of the association equilibrium constant for any given type of site versus the association equilibrium constant for the highest affinity site in the population (e.g., β 2 = K a2 /K a1 , where 0 < K a2 < K a1 , and β 1 = K a1 /K a1 = 1). Similarly, the term α in eq. (4) is a dimensionless parameter that is equal to the mole fraction of all the binding regions that make up a given group of sites. For instance, α 1 = m L1 /m Ltot and α 2 = m L2 /m Ltot for a two-site system, where 1 = α 1 + α 2 and α 2 = 1 -α 1 [11] .
A double-reciprocal plot of 1/m Lapp vs. 1/[A] that is made according to eq. (4) for frontal analysis data would be expected to be non-linear for a two-site system when examined over a broad range of analyte concentrations. However, it has been demonstrated previously that this type of plot does approach linear behavior at low analyte concentrations, or high values for 1/[A]. This relationship is given by eq. (5) for a two-site system [11] . (5) Similar linear relationships to eqs. (4) and (5) can be written for any n-site heterogeneous system as long as each binding site interacts independently with the analyte [11] . The general forms of these relationships are provided in eqs. (6) and (7), in which the summations or products are over the interval of i or j = 1 to n. As these last two equations indicate, an n-site system will again give curvature in a plot of 1/ m Lapp versus [A] when examined over a broad range of concentrations, but this plot will approach a linear response at low concentrations of the analyte and high values of 1/[A] [11] .
In this study, modified forms of eqs. (4) and (5), and of the more general expressions in eqs. (6) and (7), will be used to examine the effects of binding heterogeneity in frontal analysis.
For the rearranged forms of eqs. (4) and (5) that are given in eqs. (8) and (9), all terms are now expressed through the use of dimensionlesss parameters. These parameters include the terms α 1 and β 2 , as discussed previously. Eqs. (8) and (9) also include the term 1/(K a1 [A] ), which represents the independent variable, and the ratio m Ltot /m Lapp , which can be used as the dependent variable. These terms and equations will be used later in this study to generate universal plots for describing the effects of binding heterogeneity over a broad range of experimental conditions.
Experimental

Reagents
The acetohexamide and HSA (Cohn fraction V, essentially fatty acid free) were obtained from Sigma-Aldrich (St. Louis, MO, USA). The Nucleosil Si-300 (7 μm diameter, 300 Å pore size) was from Macherey-Nagel (Düren, Germany). All aqueous solutions were made using water obtained from a NANOpure system (Barnstead, Dubuque, IA, USA). Solutions used in the chromatographic studies were filtered prior to use through 0.20 μm GNWP nylon membranes from Millipore (Billerica, MA, USA).
Apparatus
The chromatographic system included a DG-2080-53 three-solvent degasser, two PU-2080 HPLC pumps, a UV-2075 absorbance detector, a CO-2060 column oven, and a AS-2055 autosampler from Jasco (Tokyo, Japan) plus a Rheodyne Advantage PF 6-port valve (Cotati, CA, USA). These system components were controlled by using EZChrom Elite software v3.2.1 (Scientific Software, Pleasanton, CA, USA) and Jasco LC Net hardware. In-house programs written in Labview 5.1 (National Instruments, Austin, TX, USA) were used to determine the breakthrough times during the frontal analysis experiments.
Chromatographic Methods
The HSA support and control support were both prepared by the Schiff base method and using Nucleosil Si-300 silica, as described previously [9, 12] , but with no protein being added to the control support during the immobilization step. The final amount of immobilized protein on the HSA support was determined in triplicate by a protein assay to be 38 (± 3) mg/g silica [12] . The HSA support and control support were downward slurry packed into separate 2.0 cm × 2.1 mm ID stainless steel columns at 3000 psi (20.7 MPa) using pH 7.4, 0.067 M potassium phosphate buffer as the packing solution. These columns were stored in the same pH 7.4 buffer at 4 °C and showed no significant changes in their binding properties throughout this study [12] .
All solutions of acetohexamide were prepared in pH 7.4, 0.067 M potassium phosphate buffer and were degassed under vacuum for at least 15 min prior to use. A flow rate of 0.5 ml/min was used for sample application and injection. The application of either the pH 7.4, 0.067 M phosphate buffer or the desired drug solution during frontal analysis was accomplished by alternating between these solutions through the use of a six-port valve. The acetohexamide solutions consisted of up to fifteen different concentrations of acetohexamide ranging from 1 to 1000 μM. Although acetohexamide is a weak acid, all of these solutions had a pH within 0.05 units of pH 7.4 even at the highest drug concentrations that were used in this study. The frontal analysis curves were monitored at 248 nm for 1-20 μM acetohexamide and at 315 nm for 30-1000 μM acetohexamide; multiple detection wavelengths were used to ensure that a linear change in signal with concentration was present for each acetohexamide sample. All acetohexamide solutions were applied in triplicate to both the HSA column and the control column. Breakthrough times were determined using the equal area method [17] . All results were corrected for non-specific binding to the support by subtracting the values for the control column from those measured on the HSA column at each given concentration of the analyte, as has been employed in previous studies of acetohexamide and related drugs by HPAC [12] [13] [14] . Although the same equations as given in Section 2 could be used to examine the combined effects of analyte interactions with an immobilized ligand and a support [11] , the use of a control column to correct for nonspecific binding to the support made it possible in this report to instead focus directly on the detection of heterogeneity for analyte-ligand interactions [12] [13] [14] .
Linear regression of the frontal analysis data was performed by using Excel 2003 (Microsoft, Redmond, WA, USA) and non-linear regression was carried out by using DataFit 8.1.69 (Oakdale Engineering, PA, USA). Calculations for studying the deviations predicted in frontal analysis plots as a result of binding site heterogeneity were performed by using Mathematica (Wolfram Research, Champaign, IL, USA). The surface figures and contour plots used in analyzing the calculated results were generated by using Origin 8.0 (Originlab, Northampton, MS, USA).
Results and Discussion
Reciprocal Plots versus Binding Isotherms for Detecting Heterogeneous Binding
Early work in this study used experimental data that were obtained for the binding of acetohexamide with HSA to compare the effects of binding site heterogeneity on various types of frontal analysis plots. This particular system has been found in prior work to fit a model based two general groups of binding sites on HSA [12] . The first group of sites consists of two high affinity sites (i.e., Sudlow sites I and II) with an average association constant of 1.3 (± 0.2) × 10 5 M -1 at pH 7.4 and 37°C. The second group consists of at least five weaker sites with an average association equilibrium constant of 3.5 (± 0.3) × 10 2 M -1 at pH 7.4 and 37°C.
Figure 1(a) shows how this heterogeneity affected the use of typical binding isotherms to describe such a system. The binding isotherm for the acetohexamide/HSA system was found in previous experiments that used a broad range of drug concentrations (n = 15, 1-1000 μM) to give a good fit to a two-site model [12] . Similar results were obtained in Figure 1 (a) when using eq. (3) and a smaller data set obtained over a narrower concentration range (n = 10, 1-50 μM). A one-site model based on eq. (1) also gave reasonable agreement with the experimental results over most of the binding isotherm, but this fit did deviate from the data at intermediate or high acetohexamide concentrations (e.g., see points at 20 and 50 μM). The use of an even smaller data set made it difficult to discriminate between one-site and twosite models for this system. Plots such as those shown in Figure 1 (a) have often been used for detecting heterogeneous binding and for determining the association equilibrium constants and the number of sites that are involved in multi-site interactions in affinity columns [4, [12] [13] [14] [15] [16] . However, this method does require the utilization of a sufficiently broad range of concentrations and a suitable number of data points to detect heterogeneous binding.
An alternative approach that has been proposed for the initial detection of binding heterogeneity in frontal analysis data is to use double-reciprocal plots [12] [13] [14] . According to eqs. (5) and (7), such a plot should approach a linear relationship at low analyte concentrations (or high values of 1/[A]) for any system that has heterogeneous, independent binding sites. At high analyte concentrations (or low values of 1/[A]), eqs. (4) and (6) predict that deviations from a linear response will then occur. It is the absence or presence of these deviations from linearity that can then be used to determine whether a system follows a single-site model or if multiple binding sites are present for the analyte in a column [4, [12] [13] [14] . An example of a double-reciprocal plot is shown in Figure 1(b) for the interactions of acetohexamide with HSA. This plot was prepared using the same data as in Figure 1 (a). (5) and (7). In addition, negative deviations from this linear range appear at lower values of 1/[Acetohexamide], indicating more than one type of binding region is present for acetohexamide on HSA [4, 11, 12 ].
An important difference in Figures 1(a) and 1(b) is that a much smaller number of experiments were needed in Figure 1 (b) to detect binding heterogeneity. For instance, the binding isotherms in Figure 1 (a) required measurements over at least ten measurements spanning from 1-50 μM to differentiate between one-and two-site models. However, moving beyond the five highest values of 1/[Acetohexamide] in Figure 1 (b) gave deviations from linearity over the next four lower values of 5.7%, 9.5%, 15%, and 21%, respectively. These deviations were much larger than the precision of the results over this concentration range (i.e., standard error of the mean, ±0.02-0.2% for triplicate measurements) and were larger than the average residual of ±1.1% for the upper five points about the best-fit line. The size of these deviations meant that data over as little as six concentrations spanning from only 1-7.5 μM acetohexamide could be used to detect binding heterogeneity in this example. These results demonstrated that the use of a double-reciprocal plot instead of a traditional isotherm required much fewer experiments and a significantly smaller amount of drug for the detection of binding heterogeneity. A similar conclusion was reached when using data from additional reports that have examined the binding of other drugs with HSA or with modified forms of this protein [12] [13] [14] [15] .
Conditions Leading to Deviations from Binding Site Heterogeneity
Eqs. (8) and (9) have been used previously to examine the effects of binding heterogeneity on the apparent association equilibrium constants and binding capacities that are obtained from the linear regions of double-reciprocal frontal analysis plots [11] . In this current study, eqs. (8) and (9) were instead used to examine the ability of double-reciprocal plots to detect binding heterogeneity. As discussed in Section 2, a linear response for these plots should be seen for a heterogeneous system when relatively small analyte concentrations, or high values of 1/(K a1 [A] ), are employed [11] [12] [13] [14] . However, deviations from this linearity would be expected at low values of 1/(K a1 [A] ) and high analyte concentrations. Several factors are known to affect the linearity or curvature of such plots [11] . For instance, the greatest amount of curvature and deviations from linearity would be expected at high analyte concentrations and in systems for which there is a large difference in affinities (i.e., a small value of β 2 in a two-site system) and/or a small population of the highest affinities sites (i.e., a small value of α 1 in a two-site system). These general observations agree with the results shown in Figure 1(b) for the acetohexamide/HSA system, which represent data over a tested range of 1/(K a1 [A]) = 0.08-7.7. In this case, deviations from linearity are noted at 1/(K a1 [A]) ≈ 1.0 for a system with estimated values of α 1 = 0.2 and β 2 = 0.003 for a two-site model, as based on data from Ref. [12] .
The next phase of this research looked at the size of the deviations from linearity in doublereciprocal plots that were obtained for systems with various degrees of binding heterogeneity. One way this was done was by making surface plots of the deviations that were measured for two-site systems at a given concentration of applied analyte, as represented by the term 1/(K a1 [A] ). These plots were prepared as a function of both the relative amount of each type of site (α 1 ) and the relative affinities of these sites (β 2 ). Both of these latter two parameters were allowed to vary in value from zero to one (i.e., a range which represented all possible combinations of these terms for a two-site system) [11] . A typical surface plot that was generated by this approach is shown in Figure 2 for the situation in which 1/(K a1 [A]) = 0.05. The relative deviation from linearity was calculated in this plot and in all following graphs by using eq. (10). (10) This equation was used to find the difference between the actual response of the curve, as predicted by eq. (8) , and the response of the linear region, as described by eq. (9), with this difference then being divided by the linear response predicted by eq. (9) . The use of eq. (10) and this approach gave a relative deviation at any given value of 1/(K a1 [A] ) that could range in size from 0 to 1.0 (or 0 to 100%). This value was then used to indicate the relative deviation from linearity that occurred under any set of conditions for a two-site system. Figure 2 indicates that the greatest deviations from a linear response for a double-reciprocal plot occurred as the values of α 1 and β 2 decreased. The same trends were noted for surface plots that were made for other values of 1/ (K a1 [A] ), but the size of the deviations did decrease as 1/(K a1 [A]) was increased. Different behavior was seen as α 1 or β 2 approached zero and dropped below 0.1-0.2. Under these conditions, a decrease in deviations was seen; this behavior reflected the fact that a value for α 1 or β 2 of zero would represent a one-site model, which should always follow a linear response according to eq. (2). Figure 3 shows contour plots that were prepared from surface plots like Figure 2 . These contour plots were made for several values of 1/(K a1 [A] ) and were used to show the relative deviation from linearity that would be expected for a two-site system as the values of α 1 and β 2 were varied. The general trends in Figure 3 agree with those described for Figure 2 , in which deviations from linearity tended to increase as the terms α 1 , β 2 , or 1/(K a1 [A]) were decreased. With the contour plots it was possible to determine which combinations of these parameters would create a given size of deviation from linearity. As an example, Figure 3 
Extent of Deviations Due to Binding Site Heterogeneity
By integrating the areas within each contour of plots like those in Figure 3 , it was possible to determine the fraction of all heterogeneous systems that produced a given deviation from linearity at a particular value for 1/ (K a1 [A] ). For instance, 72.2% of all the two-site systems in Figure 3 (a) gave a deviation from a linear response that was at least 1%; 59.7% produced a deviation of at least 2.5%; 47.5% gave a deviation of at least 5%; and 33.2% gave a deviation of at least 10%. The corresponding number of two-site systems at the same levels of deviation became smaller as 1/(K a1 [A]) was increased, as illustrated in Figures 3(b)-(d) .
As an example, for 1/(K a1 [A]) = 0.50 in Figure 3(b) , 58.6% of the results now had a deviation from linearity of at least 1%; 39.7% had a deviation of at least 2.5%; 23.0% had a deviation of at least 5%; and 7.9% had a deviation of at least 10%. Figure 4 , the value given on the y-axis shows the percent of all two-site cases that produce a deviation from linearity that is greater than or equal to the amount of deviation that is listed on the x-axis. One way this plot can be used is to determine the likelihood of detecting heterogeneous binding at a given level of deviation from linearity and at a given value for 1/(K a1 [A] ). For instance, a series of frontal analysis studies that use analyte concentrations up to K a1 [A] = 5 (or down to 1/(K a1 [A]) = 0.2) would detect 22.4% of all two-site systems when using up to a 10% deviation from linearity, 38.4% of these systems when using a 5% deviation, 52.7% when using a 2.5% deviation, and 67.7% when using a 1% deviation. 7% of all two-site systems when using a 10% deviation from linearity, 49.4% at a 5% deviation, 61.1% at a 2.5% deviation, and 73.1% at a 1% deviation. However, it should be noted that the detection of heterogeneity does not improve to any significant amount once the value of 1/(K a1 [A]) has been extended below 0.02. Figure 4 shows that a further change in 1/(K a1 [A] ) beyond this point produces only a minor increase in the detected cases of heterogeneity. Fortunately, Figure 4 also indicates that it is possible to increase the detection of heterogeneity at any value of 1/(K a1 [A] ) by adjusting other experimental conditions (e.g., the number of replicates and/or the precision of the frontal analysis system) to allow smaller deviations from a linear response to be monitored.
Conditions Required to Detect Binding Site Heterogeneity
The results in Figure 4 show the values of 1/(K a1 [A] ) that are needed to detect a given deviation from linearity for all possible combinations of heterogeneity in two-site systems. An alternative way of examining such systems is to use eq. (10) to determine the value of 1/ (K a1 [A] ) that is needed to detect a given level of deviation for linearity in a particular two-site system. This approach is demonstrated in Figure 5 for specific values of α 1 as the term β 2 is allowed to vary; a related plot is given in Figure 6 in which β 2 is held at specific values and α 1 is now varied. As predicted by Figures 2-3 , the results in Figure 5 and 6 show that it is easiest to detect binding heterogeneity as α 1 or β 2 decreases until a value of roughly 0.1-0.2 for β 2 or α 1 has been reached. This greater ease of detection at relatively low α 1 or β 2 values is reflected by the larger 1/(K a1 [A] ) values that can be used under these conditions to detect a given level of deviation from linearity. Figures 5 and 6 should be useful in cases in which some preliminary information is available on the possible heterogeneity of a binding system. In such a case, these plots can be employed to determine which conditions are needed to detect heterogeneity by means of double-reciprocal frontal analysis plots. For instance, suppose an immobilized protein is suspected to have two independent binding sites for an analyte (i.e., α 1 = 0.5). In this situation, Figure 5 (c) provides the minimum values of 1/(K a1 [A] ) that are needed to detect such a system at a given deviation from a linear response (e.g., a minimum of 1/(K a1 [A]) = 1.0 is needed to detect a 2% deviation at β 2 ≈ 0.05-0.45). The use of this more specific information for selecting the experimental conditions will, in turn, increase the likelihood of detecting such a heterogeneous system when using a double-reciprocal plot.
Another application of Figures 5-6 is to indicate which heterogeneous systems can or cannot be detected under a particular set of experimental conditions. The same plots can then be used to show how the experimental conditions should be changed to make the detection of additional systems more feasible. This can again be illustrated by using Figure 5 (c) and twosite systems in which α 1 = 0.5. In this situation, the use of analyte concentrations that produce a minimum value for 1/(K a1 [A]) = 1.0 will allow heterogeneity to be detected in systems with β 2 = 0.05-0.45 when using a deviation of 2% or greater from linearity. However, the same conditions will not allow heterogeneity to be detected at 2% deviations if β 2 < 0.05 or β 2 > 0.45. Decreasing the value of 1/(K a1 [A]) by two-fold to 0.5 at α 1 = 0.5 will expand the range of two-site systems that can be identified to include β 2 ≈ 0.02-0.60 when using a 2% deviation from linearity. Improving the precision of the measurements so that a 1% deviation from linearity can be monitored will expand this range to β 2 ≈ 0.01-0.75. Similar adjustments can be made based on Figure 5 and 6 to detect other types of two-site systems.
Effects of Higher Levels of Binding Site Heterogeneity
By using eqs. (6)- (7) and expressions equivalent to eqs. (8)- (10), similar plots to those already given for a two-site model could be prepared for systems with any number of binding sites. Figures 7 and 8 contain examples of such plots for a three-site system. In Figure 7 , the relative affinities of the sites were varied but with the second and third lowest affinity sites always differing by two-fold in their association equilibrium constants. The relative amount of the intermediate binding site (i.e., as represented by the mole fraction α 2 ) was held constant at 0.25 for the sake of this illustration, while the mole fractions of the highest and lowest affinity sites (as described by α 1 and α 3 ) were varied. These conditions were comparable to those used for a two-site system in Figure 6 (with α 3 = 0 and β 3 = 0), making it possible to directly compare the effects of heterogeneity in Figures 6 and 7 for two-site and three-site models.
Figures 6 and 7 show similar patterns in the values of 1/(K a1 [A] ) that were needed to detect a given level of deviation from linearity in double-reciprocal plots. In both the two-and three-site systems, the deviations due to heterogeneity increased as α 1 was decreased until a value for α 1 of about 0.1-0.2 had been reached. The similarity of the results in Figures 6 and  7 indicated that the plots generated for two-site systems in the previous sections can be useful in the initial selection of conditions for the detection of binding heterogeneity in higher order systems. However, the introduction of a third, lower affinity site did create a slight increase in the range of conditions that could be used to detect binding site heterogeneity. This difference was represented by the higher maximum values of 1/(K a1 [A] ) that were obtained at each given level of deviation in Figures 6 and 7 . This difference indicated that higher-order binding systems can be easier to detect by double-reciprocal plots than two-site systems for at least some combinations of binding sites. Figure 8 shows how the changes in the relative amount of the second highest affinity site affected the detection of heterogeneity in a three-site system. As the amount of this intermediate affinity site was decreased, a broader range of 1/(K a1 [A] ) values could be used to detect heterogeneity at any given level of deviation. This trend is comparable to the one noted earlier for a two-site system, in which a decrease in the relative amount of the highest affinity site tended to produce larger deviations in double-reciprocal plots due to heterogeneity. This trend occurs until the amount of these higher affinity sites becomes so small that the low affinity sites become dominant and the system approaches a simpler binding model in its behavior.
Conclusion
This study examined the use of frontal analysis and HPAC for detecting heterogeneous binding in biomolecular systems, such as those involved in multi-site drug-protein interactions. An emphasis was placed on the use of double-reciprocal plots for detecting systems with binding heterogeneity. Chromatographic theory was utilized to determine the effects that heterogeneous binding would have on double-reciprocal plots and to predict the types of deviations from linearity that would be expected in these plots for various two-site systems. This approach was illustrated by using the binding of acetohexamide with HSA as a model system. A comparison of traditional binding isotherms with double-reciprocal plots indicated that the latter could be used more easily for the initial detection of binding heterogeneity and required less analyte for such an application. These features make this approach attractive as a screening method for examining solute-protein interactions prior to more detailed binding studies [1] [2] [3] [4] .
It was shown in this report that the deviations from linearity that are seen in doublereciprocal plots are a function of the applied concentration of the analyte, as represented by the unitless term 1/(K a1 [A] ). These deviations are also dependent on the relative affinities of the binding sites in the system, as represented by the term β 2 , and the relative amount of each type of binding site, as represented by the term α 1 . The greatest deviations due to binding heterogeneity tended to occur at low analyte concentrations and as the values of β 2 or α 1 decreased to approximately 0.1-0.2. Plots were generated to determine the experimental conditions that would be needed to observe deviations from linearity for either general two-site systems or systems for which some preliminary estimate of either β 2 or α 1 was available. The results of this study should not only be useful in examining the binding of drugs such as acetohexamide with HSA, but should also be valuable in the use of frontal analysis to study the binding of other biological systems that are suspected to have heterogeneous binding [1] [2] [3] [4] 8, 9, 15] . Frontal analysis data for the binding of acetohexamide to HSA, as examined according to (a) standard binding isotherms, as described by eqs. Percent of all two-site cases expected to have a particular minimum deviation from a linear response for a double-reciprocal frontal analysis plot when using various values for 1/ (K a1 [A] ). These values were found by integrating the results of contour plots like those shown in Figure 3 . Minimum values of 1/(K a1 [A] ) that can be used in frontal analysis experiments to produce a given deviation from linearity in double-reciprocal plots for two-site systems at various ratios for the affinities of the binding sites (β 2 ) and at specific values for the mole fraction of the highest affinity site (α 1 ), where α 1 is equal to (a) 0.1, (b) 0.25, (c) 0.50 or (d) 0.75). These results were generated by using eq. (10). Minimum values of 1/(K a1 [A] ) that can be used in frontal analysis experiments to produce a given deviation from linearity in double-reciprocal plots for two-site systems at various mole fractions of the highest affinity site (α 1 ) and at specific ratios of the affinities for the binding sites (β 2 ), where β 2 is equal to (a) 0.1, (b) 0.25, (c) 0.50 or (d) 0.75). These results were generated by using eq. (10). Minimum values of 1/(K a1 [A] ) that can be used in frontal analysis experiments to produce a given deviation from linearity in double-reciprocal plots for three-site systems at various combinations of affinities and various mole fractions of the highest affinity site (α 1 ) when the mole fraction for the second highest affinity site (α 2 ) is equal to 0.25. The mole fraction of the lowest affinity site (α 3 ) was calculated by using α 3 = 1 -α 1 -α 2 ; the x-axis extends in this case up to 0.75, which is the maximum allowed value for α 1 if α 2 is equal to 0.25. The affinities for the binding sites that were used in these calculations were (a) β 1 = 1.00, β 2 = 0.10, and β 3 = 0.05; (b) β 1 = 1.00, β 2 = 0.25, and β 3 = 0.125; and (c) β 1 = 1.00, β 2 = 0.50, and β 3 = 0.25. These results were generated by using a modified form of eq. (10) that was based on eqs. (6)- (7) and developed for a three-site system. Minimum values of 1/(K a1 [A] ) that can be used in frontal analysis experiments to produce a given deviation from linearity in double-reciprocal plots for three-site systems at various mole fractions of the highest affinity sites (α 1 ) and second highest affinity site (α 2 ) and at relative affinities of β 1 = 1.00, β 2 = 0.50, and β 3 = 0.25. The values of α 2 used in generating these plots were (a) 0.10, (b) 0.25, and (c) 0.50. The mole fraction of the lowest affinity site (α 3 ) was calculated by using α 3 = 1 -α 1 -α 2 ; the x-axis extends in each plot up to a value of 1 -α 2 , which is the maximum allowed value for α 1 . These results were generated by using a modified form of eq. (10) that was based on eqs. (6)- (7) and developed for a three-site system.
